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ARSTRACT

A family of computer programs for calculating one-dimensional
planar, cylindrical or spherical conduction heat transfer are

described. The programs include an interpretive BASIC heat
conduction program, a compiled FORTRAN heat conduction program (with
an interpretive BASIC pre-processor) and interpretive BASIC and
compiled BASIC post-processing plot programs that work with both the
BASIC and FORTRAN heat conduction programs.

The heat transter programs can account for multiple material
regions and complex boundary conditions (such as convection or
radiation). In addition, the FORTRAN version of the program allows
temperature dependent material properties and time or temperature
dependent boundary conditions. Finite difference technigues are
used to discretize the control volume energy balance equation. The
resulting system of simultaneous algebraic equations are solved
using & standard tri-diagonal reduction method. THe equations are
formul ated so that the solution can be fully implicit or fully
explicit.

The BASIC plot post-—-processors allow the user to generate plots
of the temperature or heat flux profile at specified times, or plots
of the variation of temperature or heat flux with time at selected
nodes. The programs are interactive for ease in use.

Several sample problems that compare numerical predictions to

analytical solutions and other numerical predictions are discussed.
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1.0 INTRODUCTION

The family of micro-computer programs described in this document
are an outgrowth of the ICARUS [11 heat conduction program that
operates on the main-—-frame computers at the Lawrence Livermore
Natioral bLaboratory. ICARUS had its origins in the mid-192707 = when
it was recognized that a one-dimensional heat conduction capability
was needed for those problems where the geometry and boundary
conditions made such dimensional simplification practical. Since
ite inception, the program has undergone extensive modification and
improvement, and has been applied to problems dealing with laser
fusion target fabrication, heat loads on underground tests, magnetic
fusion switching tube ancodes and nuclear waste isolation canisters.

To allow the program to be used by a wider community of users, a
family of computer programs that operate on the IBM Fersonal
Computer was derived from the main—-frame computer program. The

computer program family consists of:

ICARUSE -~ an interpretive BASIC heat conduction program.
The program contains an interactive pre-processaor
block for collecting input information and the
main calculation block for solving the heat

conduction eguation.

ICARUSF - a compiled FORTRAM heat conduction program. The
pFDgFam.FEquiFEE use of the separate interpretive
BASIC pre-processor FPREICAR to generate the input

file for use 1n execution.

PREICAR - a compiled BASIC pre-processor for the FORTRAN
heat conduction program ICARUSF. This routine is
uvsed for initial generation and modification of

previously generated files.

[



PLOTIC - an interpretive HASIC plot post-processor for
both the interpretive BASIC heat conduction
program ICARUSE and the compiled FORTRAM heat
conduction pragram ICARUSF.

CPLOTIC - a compiled BASIC plot post-processor for both the
interpretive BASIC heat conduction program
ICARUSE and the compiled FORTRAN heat conduction
program ICARUSF. CPLOTIC differs from FLOTIC
only in file directory capability and usage of

the assembly language screen dump routine.

Each of the computer programs is described in detail in subsequent

sections of this report.

The approximate computer core required to contain each of the

programs 1s given below:

Frogram Reguired Core (k_bytes)
ICARUSE &4
ICARUSF 140
FRE ICAR 125
PLOTIC 75
CPLOTIC 95

Several comments on application of the heat transfer codes and
"pit—-falls"” to avoid are given in Appendix A. It is suggested that
the user become familiar with these suggestions before proceeding

with using the codes.



2.0 AVAILARILITY

The following are made available:

[ The sources for the five computer programs:
1. The BASIC source for ICARUSE., consisting of 12

0 Compiled
1.

]

am

L

The files may

programs desired,

individual files.

The FORTRAN source for ICARUSF, consisting of 16
individual files.

The BASIC source faor FREICAR consisting of one
file.

The BASIC souwrce for PLOTIC consisting of one
tile.

The BASIC source for CFLOTIC consisting of one
file

and loaded executables for the three programs:

The FORTRAN heat conduction program ICARUSF [file
ICARUSF.EXED.

The BRASIC program PREICAR [file PREICAR.EXE]
which is a pre-processor for the FORTRAN program
ICARUSF.

The BASIC plot post-processing program CPLOTIC
[file CRLOTIC.EXE].

be obtained from the author by stating the

and providing formatted 5.25 inch double-sided,

double-density floppy diskettes. Three floppy diskettes are

required to obtain the entire package including sowces and compiled

erecutables.



3.0 GENERAL TERMINOLOGY

Throughout the descriptions of the individual computer programs,

several terms will freguently be used. A familiarity with their

mearing will improve the readability of those sections. The

important terms are:

material block /

geometry region -

zZoning -

Qap -

non~-linear

iteration -

This is a region of the problem that is
adjoined by other such regions. Each
region may have a different material, or

a different geometric zoning.

The division of the problem space into
discrete segments and nodal points upon

which finite differencing is performed.

A "void" separating two material blocks
or geometric regions. Radiative
transport and convective transport may

take place across the void.

In the computer program ICARUSF, non-
linearities are allowed to be in the
problem in the form of temperature
dependent boundary parameters or
temperature dependent material
properties. In the computer program
ICARUSE, the only non-linearity allowed
is from the radiative boundary
caondition. Iterating within each time
cycle is allowed to accommodate strong

non—-linearities.



boundary

lett or lower

right or upper

In a problem their are two boundaries,
one located at the minimum nodal point
and one located at the maximum nodal
point. These boundaries signify actual
physical limits of the solid material in
the problem, and are places where
boundary conditions are applied to
account for external influences on the

body.

Associated with the decreasing index and

coordinate direction.

Associated with the increasing index and

coordinate direction.



4.0 THEORY

4.1 Energy Transport Egquation

The heat transfer formulation is bhased on a contral volume
approach. Considering a control volume of material, the first law
of thermodynamics for conservation of energy on that control volume

can be written

LRI ]
3% fpeav+ [ (a-m)yas=fu  av (4.1)
v S v

where e is the specific internal energy, t is time, q is the heat
flux at the surface of the control volume {(inward being positive),
n is the outward facing normal at the control volume surface, u**’
is the volumetric internal heat generation in the control volume, p
is the density, and v and s denote volume and surface
integrations respectively.

Using average quantities within the volume integrals, equation

4.1 becomes for a one—dimensional control volume

L

T _ -y o
peV =+ + [(ah) - (ah);] = u (4.2)
where it has been assumed that de = cdl, where T denotes

temperature, A is the surface area, V is the volume of the control
volume, ¢ is the specific heat, and r and 1 dencte the right and
left surfaces of the control volume respectively. The heat fluxes

are obtained from Fouwrier's Law of Conduction,

- KVT (4.3)

q

-_8-_



where k is the thermal conductivity and VT denotes the spatial

gradient of temperature.

4.2 Gap Model

Material gaps may exist inside a problem where radiation and
convective heat transfer are the energy transport mechanisms across
the gap. The energy fluxes applied at the left and right edges of

the gap are

4

< 1

4
Tr ) o+ hlAl(Tl - T

1 OAl(Fg)l—r(T b

and (4.4)

- N
Q. UAr(Fg)r—l(Tl T, )+ hrAr(Tb‘ Tr)

where ¢ is the Stefan-Boltzmann constant, Fg denotes the gray body
form tactor, h is the convection film coefficient, A is the area of
the gap surfaces, Tb is the bulk temperature of the fluid in the
gap, and the subscripts 1 and r denote the left and right edges of
the gap respectively. The subscripts 1-r and r-1 denote the gray
body factors for the left side viewed from the right and the right
side viewed from the left, respectively.

The gray body form factor where the geometry is either parallel
flat plates, concentric cylinders or concentric spheres and where
the spatial dimension increases from left to right (thus Fl—r=1) is

given by

where € 1is the emissivity. From reciprocity we also have



(Fglp-y = (Fi-r T (4.4)

The bulk convection temperature (Tb) is found by stipulating

that the heat capacity of the convecting fluid is negligible. Thus,

hlAl(T1 - Tb) = hrAr(Tb - Tr) (4.7)

At the gap edge cells, a half cell energy balance is performed
with the prescribed flux given by equation 4.4 used to replace one

of the heat fluxes in the energy balance equation (equation 4.2).
4.3F Houndary Treatment and Boundary Conditians
The general boundary conditions available are:

1. A prescribed temperature at the boundary
2. A prescribed heat flux at the boundary
S A general mixed condition that accounts for a combination

of convection, radiation and applied flux at the boundary.

For am applied temperature caondition (type 1) the boundary
temperature is fixed in the solution scheme, For applied energy
conditions (types 2 and 3) a half cell energy balance is performed.
At the boundary surface, the prescribed energy flux 1s applied to
replace one of the ftluxes in the energy balance eguation 4.2).

Details of the flux representation are given in Section 5.1 and 6.1.

4.4 Numerical Solution Method

The numerical algorithm incorporates both implicit and explicit

formulations. Equation 4.2 can be written in the form

_ 1('_') —_—



T a n+1
peV = * o[ (qh) | (qh),]

n tee (4.9)
+(1—e)[(qA)r - (qA)ll =u V

where qn = --(kVT)n

and - - (k)™

In equation 4.8, n and n+l denote the old and new time levels in the
time integration, and # is a splution flag. Appropriate values of
6 are 1.0 for an implicit solution and 0.0 for an explicit
solution.
Simple first—order finite difference approximations are used for
the gradients in the heat flux expressions and the time detrivative.

The spatial gradients are represented as

T, - T
(VT)l - Zi — i~1
i Zi-
and (4.9)
T'1+1 B Tl
(VT%‘= z -z
it i

a4 i (4.10)



In equations 4.9 and 4.10, T denotes temperature, =z denotes the
spatial coordinate, Vit is the timestep size. The subscripts 1,
i+1l, and i-1 are the difference grid indices with node i

representing the node about which the heat halance is occurring.
The superscripts n and n+l derote old and new time level values.

Using these approximations, eguation 4.8 can be cast in the form

n+1 :
B,T =A™ Loty (4.11)

where Aiy Bi, and Ci are the coefficients that appear in front of
the respective new time level temperature variables in the eqguation
for node i, and Di contains all contributions from source terms and
old time level terms. Egquation 4.7 is in the classic tri-diagonal
form which lends itself to simple, efficient reduction. The

eguation solver described by Roach [2] is used in the reductioaon.



S.0 ICARUSEH - AN INTERPRETIVE BASIC HEAT CONDUCTION FROGRAM

5.1 Program Capabilities

ICARUSE is a reduced version of the FORTRAN program ICARUS [11
that has existed on the main—-frame computers at LLNL for a number of
years. The program is maintained in intrepretive BASIC to provide a
package that is usable on any IBM-PC like micro—computer as well as
modifiable by the user.

The general capabilities of the computer program are:

1. Multiple material regions. There may be up to ten (10)
different geometric or material reqicons in the problem.

2. Transient or steady-state solutions, with a choice aof an
implicit or explicit solution approach for transient
problems.

5. Material gaps across which radiative and convective heat

transfer can take place.

Limitations of the computer program are:

1. Constant material properties. The material properties may
not vary with time or temperature.

2. Constant boundary condition parameters. The specifiable
parameters at the boundary may not vary with time or

temperature.

There are two types ot boundary conditions available in the

computer program ICARUSEH:

i. A specified surface temperature that is held constant at
all times.

2. A general condition accounting for radiation, convection
and an applied heat flux. The total flux per unit area at

the surface is represented by the equation



g = 4. h(T_s To) O(Fg)s—m (Ts T (5. 1)

w

where h is the film coefficient, TD is the reference bulk
convection temperature,T? is the surface temperature, 9, is
the applied surface flusx, F-'g is the gray body form factor
supplied by the user (see eq. 6.2), T, is the reference
body temperatwe, and ¢ is the Stefan—-Boltzmann caonstant.
The user supplies values for each nf these parameters. For

input purposes, a flux into the body is positive.

=

9.2 Program Structure

The intrepretive BASIC program is organized into a main block
and 11 overlays. The main block and overlays are sach an individual
file on the disk. Each overlay consists of several blocks of coding
that are accessed as subroutines. Arn overlay flow chart is given in
Figure 9.1. The overlay and block functions are described below,

and major variables in the program defined in Appendix B.

~.File ... _Block_ e D@SCYARtION

MAIN. BAS performs variable dimensioning,
controls the overall sequence

OL.AY 11 . BAS calcon controls the actual calculation
sequence

OLAY12.BAS setcon controls the setup seguence

OLAaY21.BAS blank - routine for inserting blank lines
an the screen

vdecode decodes a string answer containing

mare than orme value and breaks it

into appropriate blocks



OLAYZ2Z. RAS

OLAYS1.HAS

LAYZ2.RBAS

OLAYIS.BAS

aLAaYZ4. BAS

chkchar

chkval

sblrk
agblnk

setio

setchg

bridchg

setinit

setmat

setgap

initial

areavol

setedit

brndedit

seditcon

determines if the proper character
response to a guestion has been
made

determines if an input value is
within specified bounds

inserts blank lines on the screen
writes blank lines to a specified
output device

controls writing and reading of the
input record file

controls alteration of the input
values

controls alteration of boundary
parameters

controls initial input when the
user choses to specify input from
the terminal

controls material property
specificatiaon

contruols specification of gap
parameters

initializes some calculation
variables before the actual
calculation begins

evaluates the volumes of the right
and left halves of the cell and the
areas at the right and left edges
of the cell

prints the setup record to the
selected coutput device

controls editing of boundary
parameters

controls disposition of the setup

edit



oLAaY41l.RAS

OLAYA4A2.BAS

DLAYSL . BAS

integ

bound

edit

editcon

errchk

coeff

readtty

trig

wi'ites

writet

1
enerqgy
geamin

nodgap

grid

boundin

tempin

tstep

gridcal
tempfld

cantrols the time integration
evaluates coefficients at the
boundaries

performs a complete cycle edit
controls disposition of cycle edit
calculates the maximum absolute
change between iterations
evaluates the tri-diagonal
coefficients at each interior node
checks tor a message from the
terminal and responds accordingly
a general tri—-diagonal solver
wrrites temperatures and heat fluxes
to & disk file for use in the
snapshot dump plots

writes temperatures and heat fluxes
to a disk ftile for use in the time
history plots

calculates heat fluxes

calculates internal energy
controls geometry region
specificatian

determines the model type for each
node, and the gap counter

loads the grid arrays

controls specification of boundary
condition parameters

controls specification of
temperature region parameters
calculates the minimum explicit
timestep

calculates mesh characteristics
loads the temperature array during
initialization

a dummy end block

16 -



5.3 Frogram Units

The computer program ICARUSHE will operate with any set of
consistent whits. For problems involving radiation, an absolute
temperature scale must be used, and the proper value for the Stefan-
Boltzmann constant specified in the input. No units are given in
the output, so the user must note and keep track of the unite used

in the calculation.

S.4 Program Usage

Because of the number of input and ocutput files that can be
connected to the program during execution, the user must enter BASIC

by typing
BASICA /F:5

followed by a carriage return. The program is executed by placing

the master disk in the default drive and typing
RUN" Xz ICARUSHE.BAS" (1f)

where X denotes the default drive letter and (l1f) denotes line-
feed. During execution, the user will be asked to make several
decisions that affect the calculation sequence. The options are
explained by the program, s0 no further discussion is needed at this
time.

Timing information indicates that the execution speed is
approximately 0.24 seconds/node-cycle. This is a factor of 12
greater than the value for the compiled FORTRAN program ICARUSFE

discussed in Section &.



3.9 Output File Organization

Depending on user responses to control and input guestions, as

many as three files may be created during execution. The files and
their default names are:

output.dat This tile contains the input record and

requested edits generated during execution

isrnap.dat This file contains the temperature
information necessary for generating snapshot

plots during the post-processing phase

itime.dat This file contains the temperature
information necessary for generating time
history plots during the post—processing

phase

The files will be located on the drive specified by the user
during execution. Depending on the problem, the files may be large

50 the user should ensure that there is ample disk space available.

S9.6 Miscellaneous

In ICARUSE the total internal energy is calculated by summing
for all cells the product of temperature and specific heat. The
change in this guantity is the energy gains or losses at the system
boundaries plus gains due to internal heat generation. The total

internal energy is given in the full cycle edits as well as screen

statug edits.



Figure 5.1

initialize calculatioq

chain in setup control
overlays 12, 21, 51

initialize "SETCON"

'

Is the input to come
from a file?

Y

read input data
"SETIO"

chain in initial
setup overlays

Perform initial
setup  “SETINIT"

3

Is the input to be

modified?

Chain in the
modification overlays

Calculate starting
temperatures "TEMPFLD"

I

Load mesh arrays
GRID"

Modify the input
“SETCHG"

Flow chart of the interpretive BASIC heat

conduction code ICARUSE.
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write zero cycle edit
"EDITCON"

1

begin time loop

advance the time and
cycle counters

store plot variables
"WRITES", "WRITET"

max time reached?

evaluate boundary
coefficients

evaluate the tri-
diagonal coefficients

reduce the tri-
diagonal matrix

Is the solution
iteration converged?

A\

steady-state calc.?

Y

v

terminate calculation

Figure S.1

— Continued

21 -

perform edit
"EDITCON"

terminate ca1cu1atioi-r——-—




&H.0 ICARUSF - & COMFPILED FORTRAN HEAT CONDUCTION PROGRAM
5.1 Fragram capabilities

ICARUSF is a reduced version of the FORTRAN program ICARUS [11
that has existed on the main—frame computers at LLNL for a number of
vears. The program is maintained in a compiled FORTRAN form to
provide a package that is as fast as can currently be obtained on
the IBM-PC. The executable file was generated using version 3.2 of
the Microsoft Fortran compiler (31,

The general capabilites of the compiled FORTRAN version of the

computer program are:

1. Multiple geometry/material regions. There may be up to ten
(10) different gecmetric or material regions in the
problem.

2. Transient or steady—-state solutions, with an implicit or
explicit solution approach for transient problems.

R Material gaps across which radiative and convective heat
transfer can take place.

4. User specification of temperature dependent thermal
conductivity and specific heat and time or temperature
dependent internal heat generation.

User specification of time or temperature dependent

th

boundary condition parameters.

There are three boundary tvpes available in ICARUSF, The

conditions are:

1. A specitied surface temperature that may be a function of
time.
2. A specified surface heat flux that may be a function of

surface temperature or time.

I3
3
T



ed

. A general condition accounting for radiation between the
body surface and another (reference) surface, convection
with a fluid, and applied heat flux at the surface. The

total surface flux is represented by

= - - - 4 b
qs qr h(TS To) O(Fg)s—m(Ts - TQ ) (h.1)
) (F) ! (6.2
where g'g-= = ] N As ] ] 2
(— - 1) I-F—— - 1) + F
S L o0 3—®

and a, is the surface flux, h is the surface film coefficient, TD is
the reference bulk fluid temperature, iz the Stefan—Boltzmann
constant, AE and A_ are the areaz of the surface and reference
surface, € and €, are the emissivities of the surtace and reference
surface, TS is the body surface temperature, T is the reference
radiation temperatuwre and FS__°° is the radiation view factor. The
quantities , Qs b, TO,‘and Tm can be specified as constants or as
functions of time or the surface temperature by the user. The
emissivities €. and ¢, are specifiable only as constants or
furictions of temperature. For input purposes, an applied flux into

the body is positive.

In the specification of time or temperature dependent properties
ar boundary conditions, pliecewise linear curves are used. As many
as ten curves may be specitfied by the user. An example of such a
curve, and the associated data is given in Figure 46.1. Each curve

ie limited to 20 entries.

6.2 Program Structure

The compiled FORTRAN program is organized into a main routine
and 23 subroutines. The source is divided into 16 individual

files. A calculation flow chart is given in Figure &.2. The



praogram structure and subroutine functions are described below and

global variables defined in Appendix C.

_File
MAIN. FOR

ACONTRL.. FOR
AVOL.. FOR

BLOCK . FOR
BOUND.FOR

COEFF.FOR

EDIT.FOR

ERROR.FOR

FDUMF . FOR

(P

fin]
ic
- At
[Lod
12
i

3
b
P
2

files

acontrl -

areavm

areavp

block

bound

boundl

coef+t

edit

editl

enerqgy

error

sdump

tdump

i

!

performs calculation initialization and
file creation

checks for the existance of requested
input and output files and takes
appropriate action

controls the calculation seguence
calculates the volume of the left hal+f
of the cell and the area at the left
edge of the cell

calculates the volume of the right half
of the cell and the area at the right
edge of the cell

contains default data statements
evaluates boundary parameters and sets
up the coefticients at the boundaries
determines the boundary parameters at
the current time based on the time or
surface temperature

calculates the tri-diagonal coefficients
at each interior node

controls all long edits written to the
output file

controls all short edits written to the
output file

calculates the total internal energy and
the minimum and maximum temperatures
calculates the non-linear iteration
convergence error at each iteration
writes information for the snapshot plot
dump

wrrites infarmation for the time history

plot dump



flux — calculates the heat flux at a specified

nodal point

FROF.FOR prop ~ controls evaluation of all property
values
propl - evaluates conductivity and specific heat

as functions of temperature, and
internal heat generation as a function

of time or temperature

epropl - performs the table look-up for property
evaluation
RTTY.FOR readtty- reads control messages from the user
terminal to control status responses and
invoke early termination if requested
SETUF. FOR setup — reads all input data and initializes all
arrays before execution is commenced
SOFF . FOK signoff— writes the final termination messages
TRIG.FOR trig - a general tri-diagonal equation solver
TSTEP.FOR tstep - calculates the current explicit timestep
ZERQ. FOR =era -~ zero"s out memory

The subroutine "readtty" executes the routine "inkey" contained
in the library F-FLOT £41. The routine "inkey" accesses the
terminal message buffer. The library F-FLOT is used at the Lawrence
Livermore National Laboratory under a site licensing agreement. To
load the program to produce the executable ICARUSF.EXE, it is
necessary to name elements of the P-FLOT library on the load command

line. Further information on this subject can be obtained from the

author.
6.3 PREICAR - An Interpretive BASIC Fre-Frocessor

To facilitate input from the user terminal, a compiled BASIC pre-—
processor was written. The executable file was created using the
IBM BASIC compiler [{51. The program is organized into a main

program and 21 subroutines. A flow chart of the computer program is

n
|



given

main

setinit

setchg

bmod

blank

vdecode

1NncCury

geomin

ngap

setgap

setbnd

setmat

setio

tempin

addocurv

curvmod

checl:

chklim

cntocurv

in Figure &.3. The functions ot the various blocks are given

below and major variables are defined in Appendix D.

contains all dimension statements and controls
the overall setup sequence

controls specification of initial input by the
user

controls alteration of the user input

controls modification of the boundary parameter
values

inserts blank lines on the screen

decodes a string answer containing more than one
value and breaks it into appropriate blocks
controls specification of the piecewise linear
Curves

contirals geometry region specification
determines the number of gaps in the problem
controls specification of gap parameters
controls initial specification of boundary
parameters

controls the initial specification of material
properties

controls writing and reading of the input record
tile

controls specification of temperature region
parameters

controls addition of a piecewise linear curve
during input file modification

controls moditication of piecewise linear curve
entries

checks letter response for correctness
determines if a response is within specified
limits

sets curve specitication flags and determines the

number of curves referenced



gridcal calculates the left and right mesh spacing for
each geometric region

error traps errors and prints out error number and line
where error occured

cktile determines 1f a file exists and is of the proper

format

6.4 Program Units

The computer programs (ICARUSF and PREICAR) will operate with
any set of consistent units. For problems involving radiation, an
absolute temperature scale must be used, and the proper value for
the Stefan—-Boltzmann constant specified in the input. No units are
given in the output, so the user must note and keep track of the

uriitts uwsed in the problem.

6.5 Program lUsage

FREICAR:
The pre-processor program (file PREICAR.EXE) can be executed by
entering BASIC, loading the master disk in one of the computer

drives, and typing

X:iFREICAR (1+)

where X denotes the drive containing the master disk and (1)
denotes line-feed. During execution the user will be prompted for
file locations and names. The executable file (FREICAR.EXE) was
generated wusing version 1.0 of the IBM BASIC Compiler [5] which does
not support directory structure. Thus, all files must reside in the

root directory level.



1CARLISF:
The main calculation program can be executed by loading the

master disk in one ot the computer drives and typing
X: ICARUSF (1+)

where X denates the drive containing the master disk, and (14)
denotes line—-feed. The user will be prompted for some input and
putput file name information before actual execution begins.
Microsoft FORTRAN [31 does not support directory structure, so all
files to be accessed must be in the defauwlt directory for the
drive. During execution a status message giving current cycle and
time as well as other parameters may be obtained. The method for
obtaining this edit i1s explained by the code during execution.
Timing information indicates that the execution speed is
appraoximately 0.02 seconds/node-cycle using the 8087 co-processor.
This is a factor of 12 faster than the interpretive BASIC program

ICARUSE discussed in Section 5.

6.6 Output File Organization

FREICAR:

The only file produced by the pre-processing program is the file
to be used as input to the main heat conduction program ICARUSF.
During execution of FREICAR, the user is requested for a location
arid name for this file. As discussed previously, directory

structure is not allowed in the name specification.

ICARUSF:
Depending on user responses to input guestions and control
questions, as many as three output files will be generated during

execution. The default mames and functions of the files are:

output.dat This file contains the input record and full

edits at the requested times.



isnap.dat This file contains the temperature
information necessary to produce the snapshot

plots during post-prpcessing.

itime.dat This file contains the temperature
information necessary to produce the time

history plots during post—processing.

6.7 Miscell aneous

In ICARUSF the internal energy of the system i1s calculated by
summing for all cells the product of temperature and specific heat.
For a constant property material this is a precise representation of
the total internal energy and represents the energy gains and losses
at the boundaries plus gains due to internal heat generation. For
the case of temperature dependent specific heat, this is only anm
approximate representation of the boundary heat transtfer and
internal heat generation because the true internal energy is the
integral over temperature of the specific heat. The total energy

1s given in the full cycle edits as well as screen status edits.
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emissivity

piecewise linear curve 3, representing
0.4 the emissivity at the right boundary
0.2 1 1 |

0. 1000. 2000, 3000. 4000.

absolute temperature

Jemperature Emissivity

0. 1.0
1000, 0.9
1500, 0.7
2000, Q.6
2730, 0. &
4000, 0.8

Figure 6.1 - An example of a piecewise linear curve.
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enter "MAIN"

create output file enter "ACONTRL"
initialize problem Is this a steady- Y
“SETUP" state solution?
N
create snapshot plot start the timestep
dump file and time Toop

history plot dump file

determine the new
timestep

calculate starting
timestep "“TSTEP"

advance time and
cycle counters

update boundary values
"BOUND"

evaluate reduction
} coefficients at the
boundaries "BOUND"

perform initial edits
and plots EDIT",
“SDUMP" ," TDUMP"

evaluate gap
parameters

branch to
"ACONTRL"

Figure 6.2 — Flow chart of the compiled FORTRAN heat
conduction code ICARUSF.
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evaluate tri-diagonal
coeff. wCopFp®

reduce tri-diagonal
matrix "TRIG"

If iterating, has
convergence been
reached?

Y

Is this a steady-state

solution?

terminate calculation
"SIGNOFF"

N

perform edits and plot

dumps as required
“"EDIT", “EDIT1",
"SDUMP" | “TDUMP"

Has maximum problem
time been reached?

terminate calculation
"SIGNOFF"

Figure 6.2 — Continued



initialize

calculation
] ] } N Prompt user for
Input in a disk file? all required input
Y "SETINIT"
Read input disk
file "SETIO" N
Is modification of
the input required?
Y
Is the input to be N |
modified?
Modify the input
Y "SETCHG"
Modify the input
"SETCHG"

Store the input in
a disk file "SETIO"

terminate the
calculation

Figure &.3 — Flow chart of the interpretive BASIC pre-—
processing code FREICAR.



7.0 PLOTIC AND CPLOTIC - BASIC FPLOT POST-PROCESSING PROGRAMS FOR
ICARUSE AND 1CARUSK

7.1 Frogram Capabilities

FLOTIC and CFLOTIC are BASIC programs that produce plots from
data generated during the execution of the heat conduction programs

1CARLSE, TCARUSF and FPREICAR. Three types of plots can be produced:

1. Spatial plots of temperature or heat flux. Data from the
snapshot plot dump file produced by ICARUSE or ICARUSF is
used for the plot.

2. Time history plots of temperature or heat flux. Data from
the time history plot dump file produced by ICARUSE or
ICARUSF is used for the plot.

E. Grid plots of the finite difference mesh. Information
caontained in the heat transfer code input file produced by
ICARUSE or FREICAR is used for the plot. A small circle is

placed at nodes tagged for time history storage.

The proagrams allow the user to select the type of plot, and the

specitic time for a spatial plot or node tor a time history plot.

FLOTIC is an interpretive BASIC rouwtine. CFLOTIC i=s a compiled
BASIC routine that differs in two ways from the interpretive BASIC
routine PLOTIC:

1. In interpretive BASIC the user is allowed to use
directory structure in the specification of file
names. This feature is not supported by Version 1.0 of
the IBM BASIC compiler [5]1 which was used to generate
CRLOTIC. Thus, directory structure can be used in
FLOTIC but cannot be used in CPLOTIC.



2. Both programs use a small assembly language routine to
perform a "shift-prtsc” (printing of screen contents)
from inside the program. The form of the statement
required to execute this routine 1s different for use

with a compiler than for the interpretive mode.

Some clarification of the heat +flux representation is required.
At internal nodes, the heat +tlux is represented by Fourier’s Law
lequation 4.3). At all gap surfaces the plotted heat flux is given
by equations 4.4. At problem boundaries, for specified temperature
the flux is calculated using a one sided differencing of Fourier®s
lLaw {(equation 4.3). For applied flux conditions, equation S5.1 or
.1 is used to evaluate the flux. In the plots, a positive flux
denotes lett Lo right heat +flow. Thus & +lux into the body at the

right boundary will be plotted as negative.

7.3 Frogram Structure

Both BRASIC programs are organized into a main blaock and 173
subroutines. A flow chart is given in Figure 7.1 and definitions of
major variables given in Appendix k. The functions of the various

subroutines are:

Block Description

main contains dimension statements and controls
the overall plotting process

spatial controls generation of the spatial snapshot
plots of temperatuwe or heat flux

temporal controls generation of the temporal plots of
temperature or heat flux at specified nodal
points

map drraws the coordinate grid and writes
coordinate labels

scale determines the scale tactors, corrected plot
limits and mumber of tick marks and numbers

on each axis

=

ol



grid controls generation of the mesh plats

sdump reads the spatial snapshot plot dump

tdump reads the time history plot dump

i duinp reads the heat transfer code input file
blank inserts blank lines on the screen

vdecode decodes a string answer containing more than

one value and breaks it into appropriate

blocks
action controls plot disposition
chkfile checks for exisetance of a file and determines

if it is of the proper format

err or performs error trapping diagnostic
7.3 Input File Organization

The data bases for the two plot dump files generated by the heat
conduction programs ICARUSE and ICARUSF are significantly
different. However, since the form of the data base is unimportant

to the user they will not be discussed.

7.4 Frogram Units

The camputer programs FLOTIC and CPLOTIC use data generated by
the programs ICARUSE, ICARUSF and PREICAR. The time, space and
temperature units used in the programs are not altered. Units are

not indicated on the plots, so the user must note and keep track of

units.
7.3 program Usage

FLOTIC:

To erxecute the program, first enter BASIC, then place the master
disk in a disk drive and type



RUN"X:FLOTIC.BAS" (1f)

where X denotes the drive containing the master disk and {1+)
denotes line-feed. The user will be prompted for the names of the
files containing the snapshot data or time history data or mesh data

aftter a plot type has been reqguested.

CFLOTIC:
Tao execute the program [file CPLOTIC.EXEl, place the master disk

in & disk drive and type
X:CPLOTIC (14)

where X denotes the drive containing the master disk and (1f)
denotes line—-feed. The user will be prompted for the names of the
files containing the snapshot data or time history data after a plot
type has been requested. Note that directory structure cannot be

used in designating the location of files in CPLOTIC.

General:

During execution the plots are produced on the screen. The
procedure to obtain a hard copy of the plot on a dot matrix printer
is described on the screen under the plot. Flease note that the
appropriate graphics package must have been loaded into the computer
prior to executing the program if hard copies of the plots are
desired. For example, on the IBM FC the DDS file GRAPHICS.COM must
be loaded into the system. To produce a hard copy of a plot on a
dot matrix printer will take several minutes because of the
translation required by the operating system®™s resident graphics
package.

Examples of the plots that can be produced are given in Figures
7.2, 7.3 and 7.4



initialize Specify the input
calculation file descriptor
N \
- ;ﬁ'ﬁ‘é‘;{_ Lype of > Does file exist?
Y
Has a smapshot plot Y Read the plot data
been requested? ] " DUMP"
N
blank specify state
for plotting
read state
temperatures "SDUMP"
1
draw coordinate grid
I|MAPII
write plot headers
plot temperature
profile
produce hard copy
v or end plot
A B
Figure 7.1 — Flow chart of the interpretive BASIC plot
code PLOTIC and the compiled BASIC plot code
CFLOTIC.



|

Has a time'history
plot been requested?

Has a program end
request been made?

Y

terminate program

Specify the input
file descriptor

blank

Does file exist?

Read the plot data
“"TDUMP"

Figure 7.1

specify node
for plotting

\

read node temp.
at each time dump

draw coordinate grid
Ilmpll

write plot headers

plot temperature -
time curve

produce hard copy or
end plot

Continued




(]

D

L

N Has grid plot been

requested?

Specify the input
file descriptor

blank

Does the file exist?

Read mesh parameters

Specify plot limits

Draw mesh

write plot headers

write_node numbers

l

produce hard copy or
end plot

Figure 7.1 - Continued
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PORTIN ICAMIS sample problen 4
Spatial plot at time= 4,810E-81 and cucle: 481
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(x}%' 08

Y L .
0.0 9.2 0.4 0.6 0.8 1.0

Distance (xi6f @)

Figure 7.2 — An example of a spatial plot produced by the
post—-processing plot codes FLOTIC and
CPL.OTIC.
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Figure 7.3 - An example of a time history plot produced by
the post-processing plot codes PLOTIC and

CPLOTIC.
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Figure 7.4 - An example of a grid plot produced by the
post-processing plot programs PLOTIC and

CFRLOTIC.
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8.0 SAMFLE PROBLEMS

To demonstrate the capabilities of the computer program, and
verify the models and soclution algorithm, a series of verification
calculatione were performed. Seven of the problems are reported in
this section. The results predicted by the ICARUS programs are

compared to other computer program predictions and/or analytical

solutions.

8.1 Transient Conduction in a Two Material Region 8Solid with

Convective Heating (Sample Froblem 1)

This problem calculates heat conduction in a region containing

two materials, and having convective heating on one boundary and an

insulated condition on the other boundary. The geometry and
material properties are given in Figure 8.1. There are 24 uniform
grid spacings in the problem. In Table 8.1, the predicted

temperature behavior is compared to the analytical solution taken
from Schneider L[&]. With the course {unoptimized) grid used, there
is at most a 5 percent difference, at early times, between the

program prediction and the analytical prediction.

8.2 Bteady-State Conduction in a Hody with Specified Boundary

Temperatures (Sample Praoblem 2).

This problem determines the steady-state profile in a single
material problem with specified temperatures on the boundaries. The
geometry and material properties are given in Figure B.2. Twenty
uniform mesh spacings were used in the problem. The analytical

solution to this problem is

T:—x+1 (8-1)



where T is temperature and » is the spatial distance measured from
the left surface. The program prediction matched exactly the

analytical solution out to the five significant figures printed.
8.3 Transient Conduticn with a Radiative Boundary (Sample Froblem 35)

This problem duplicates a single material planar system
described by Schneider L[&]. The geometry, material properties and
boundary conditiﬁns are given in Figure 8.3Fa. There are 24 uniform
mesh spacings in the problem. A comparison of the numerical

predictions with the analytical solution is given in Figure 8.35b.

8.4 Transient Conduction with a Linearly Decreasing Surface Heat

Flux (Sample Problem 4)

This problem determines the transient behavior of a planar body
subjected on one boundary to a heat flux that decreases linearly
with time, and to an insulated condition on the other boundary. The
geometry, material properties and boundary conditions are given in
Figure 8.4a. There are 24 uniform mesh spacings in the problem.
Figuwre 8.4b gives a comparison of the numerical predictions with the

analytical solution.

8.5 Transient Conduction in a Sphere with a Convectively Cooled

Surface (Sample Froblem 5)

This problem is an example of a solution in spherical geometry.
The surtace of the sphere is convectively cooled with a constant
film coefficient. The geometry, material properties and boundary
conditions are given in Figure B.3a. There are 25 uniform mesh
spacings in this problem. Figure 8.5b gives a comparison of the
rnumerical prediction with the analytical solution graphically

presented by Schneider [&1.



8.6 Transient Conduction in an Infinite Solid Surrounding a

Spherical Cavity (Sample Froblem 6é)

The geometry, material properties and boundary conditions are
given in Figure 8.6éa. There are 81 uniftormly spaced nodal points in
this problem. The surface of the spherical cavity is subjected to
an applied temperature. Figure 8.6b gives a comparison of the

numerical prediction with the analytical solution.

8.7 Transient Conduction in a Semi—-infinite Solid with Non-linear
Material Froperties and Applied Surface Heat Flux (Sample
Froblem 7)

This problem was used by Shapiro [7] as a demonstration of the
capabilities and accuracy of the two-dimensional finite element heat
conduction praogram TOFAZ. The geometry, material properties and
boundary conditions are given in Figure B.7a. There are 51 nodal
points in the problem. The nodal point spacing was graded using a
factor of 1.11. The smallest mesh space, at the flux boundary, is
1.88&10_5. A comparison of the ICARUS prediction with the TOFAZ
prediction and the analytical solution is given in Table 8.2.
Because the ICARUS algorithm assumes linear variation in temperature
between the nodes, while the TOFPAZ algorithm assumes linear
variation in heat flux between the nodes (higher order
approximation), a finmer zoning was required in the ICARUS solution

at the flux boundary where sharp temperature gradients result.
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Figure 8.1 - Geometry and material properties for sample
problem 1 - transient two—-region heat
conduction.
Table 8.1
Sample problem 1 - comparison of the code

prediction to the analytical solution taken

from chart 31 of Schrhneider [41.

Time Node 1 Mode 25
e Gode _ chart __code_  _chart
0.0 0 - O,

0.5 0.1979 - 0.1164 -
1.0 0.3126 - 0.2428 -
1.5 0.4117 0. 39 0.3519 0.36
2.0 0. 4958 0. 48 0.4444 0.45
2.5 0. 5680 0.55 0.5241 D55
3.0 0. 6297 Q. b2 0.5921 0. 59
1.5 0. 6827 0. 68 0. 6505 0.65
4.0 0. 7281 0,72 0. 7005 0D.70
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region bounded with specified temperature.
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Figure 8.3a - Geometry and material properties for sample
problem 3 - a one-material body with an
insul ated boundary and radiative exchange at
the other boundary.
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Figure 8.4a - Geometry and material properteis for sample
problem 4 - a one—material body with an

insulated surface and a heat flux applied at
the other suwface that decreases linearly
with time.

1'4 Lo Lo v -1 T v T L Y
1.2 r . . .
- Ve
./. \.\
1o} o z x = 0.0 1
b / e
ks ° o«
p 0.8 ./ ]
2 o
- [ ]
g 0.6 + x=1.0 ./ -4
0.4} . 4
® Schneider
0.2F *  ICARUS 1
l/
0-0 J;/L 'l L 'l A A A R
0.0 0.2 0.4 0.6 0.8 1.0
time
Figure B8.4b - Comparison of sample problem 4 results

calculated by ICARUS with the analytical
solution taken from Chart 46 of Schneider



initial temperature = 0.0

convective boundary

h = 40,
T°= 1.0
Figure 8.5a - Geometry and material properties for sample
problem T - a solid sphere with convective

cooling on the surface.
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initial temperature = 0.0

Figure 8.6a — Geometry and material properties for sample
problem & - a infinite solid surrounding a
spherical cavity with an applied temperature
on the cavity boundary.
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k= (1.+0.005(T-530)) Btu/hr-ft-R
Applied heat flux

=2.5x10° Btu/hr-ftZ™" | ¢=0.05(1.+0.005(7-530)) Btu/1bm-R

p= 500 1bm/ft>

0.03133 1

Figure 8.7 - Geometry and material properties for sample
problem 7 - a single material body with an
insulated houndary, applied heat flux
boundary, and non—linear material properties.

Table 8.1

Temperature at u=0.

e Xime  Analytical  TOFAZ K71 __ICARUS __
=&
1.210 847.19 845, 44 844,37
Tunlo ™ 1201.41 1200.24 1199,
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APPENDIX A

Comments on Code Application

® The accuracy of the solution is generally directly related
to the mesh used. More accurate predictions will result
from a finer mesh. This is particularly true near
boundarie=s in very high applied flux situations. In these
situations, the user must pay particular attention to the
zaning near the boundaries to make sure that it is
sufficient to capture the true temperature gradient.

® Zoning grading factores should generally not exceed 1.1 or
be less that 0.9 (less than 10 percent change in zone width
with each cell). Above these limits the spatial accuracy
ot the finite difference representations is diminished.

® & region must consist of no fewer than 2 zone

i

® The best timestep for a problem is very dependent on the
rharacteristics of that problem. For accuracy, the best
timestep is that near the euplicit limit. As a rule-of-
thumb, timestepe larger than 100 times the explicit limit
are not advised. I+ fast houndary transients are present,
the timestep must be maintained =mall enouwgh to capture the
time characterists of that condition.

® When using the pre-processors, if roning is adjusted in the
modify mode, be sure to also adjust the initial temperature
specitfication.

® Hetore proceeding with input generation, a picture of the
problem, including geometry, number of zones, interface
node numbers, and material properties should be sketched.
This picture will greatly aid in making input decisions and
FeEsponses.

Heat flux sign_convention
® O input, an applied boundary flux into the body is taken
Aas positive.

® In the plot post—processing, a positive flux denotes left
to right heat flow. Thus a flux into the body at the right
boundary will be plotted as negative.

o
w



Mon-linear iteration

I

® The iteration method is rather crude, so selection of the
proper iteration relaxation factor is important. Under—
relatation or straight relaration should always be used
{the relaxation factor less than or egual to 1.0).
Selection of proper relaxation paramaters (relaxation
factor and convergence tolerence) is a trial-and-error
proceedure that is problem dependent.

® Selcection of the relaxation factor is more important in
steady—~state problems than in tramsient problems. Many
transient problems with strong material and boundary non-
linearities have been calculated using a reladation factor
of 1.0. Steady-state calculations with strong material non-
lirearities have required a reladation factor as small as
0.5,

linear

curves

¢ In ICARUSF, no extrapolation is done beyond the end points
of the piecewise linear curve. Bevond the end points, the
end point value is applied.



AFPENDIX R

Definition of the Major Variables in
the Heat Conduction Frogram ICARUSE

a{i} - the superdiagonal coefficient for the equation at
nodal point 1

ainfi) — the area ot the lower index side of the control volume
about nodal point i

aout (i) - the area of the upper index side of the control volume
about nodal point i

arl — the reference radiation surface area associated with
the lower index boundary

arm - the reference radiation surface area associated with
the upper index boundary

bii) - the diagonal coefficient for the eguation at nodal
point 1

c i) - the subdiagonal coefficient for the equation at nodal
point 1

cpmik) - specitic heat of material k

d (i) -~ the term containing the source terms for the equation

at nodal point 1

diffoli) - coefficient at node i for diffusion contribution
associated with node i

diffmii) - coefficient at node i for diffusion contribution
associated with node i-1

diffp (i) - coefficient at node i for diffusion contribution
associated with node i+l

dr {i) — difference between coordinate value of node i and node
i+l

dt — the problem timestep

ekmik) - thermal conductivity aof material &

eps - the convergence factor for non-linear iterations,

defined as the ratio of the maximum change in
temperature to the new temperature

A
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epsl ())

epsr v

forml
formm

gforml (j)

gfarmr (j)

ghconl (j)

ghcoorr ()

hi

hm

1geom

ih{3)

imatf (k)

is(3)

isteady

iter

1th{i)
1tl i)

1t max

- emissivity on the left side of the gap between region

J and region j+1

emissivity on the right side of the gap between region
j and region j+1

the radiation form factor for the lower index boundary
the radiation form factor for the upper index boundary

gray body form factor for radiation transport from the
left to right sides of the gap between region j and
region i+1

gray body form factor for radiation transport from the
right to left sides of the gap between region i and
region j+1

convection coefficient on the lett side of the gap
between region Jj and region j+1

convection coefficient on the right side of the gap
between region j and region j+l1

the convective film coefficient at the lower index
boundary

the convective film coefficient at the upper index
boundary

the geometry indicator (=1, planar; =2, cylindrical;

=3, spherical)

- upper nodal point value for region j

flag to determine if material number k has heen
referenced (=1, material referenced, =0, material not
referenced)

lower nodal point value for region j

a control ftlag to specify if the problem is transient
or steady—state {=0, steady-state; =1, transient)

a control flag to specify if non-linear interation is
to take place (=0, do not iterate; =1, iterate)

the upper index of temperature specification region j

the lower index of temperature specitication region j

- the maximum number of non-linar iterations allowed per

time cycle
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itypeil)

1b1l

Lbm

matnii)
matrnams (j)
matruam (3)
rneycle
ngap

npaint
nstore
ntemp

nummat

mumreg

qgen (3)
qrl

qrm
(1)
relan
rh(3)
Flky (1)
rofj)

re ()

model type for node i (=1, interior node not an
interface, node on material interface, node at
left edge of gap, =4, node at right edge of gap)

= _T
Taa =y

the boundary type for the lower index
(=1, constant temperatuwre; =2,
condition)

boundary
general boundary

the boundary type for the upper index
(=1, constant tempetrature; =2, general
condition)

boundary
boundary

material number at node i

name of material number 3
material number of region j

the cycle counter

the number of material gaps present in the problem

the number of points to be declared for time history
tracking

the cycle freguency for writing time history
informtion to the time history plot dump file

the number of temperature specification regions in the
problem

the number of different materials in the problem

the number of
problem

geometiric/material regions in the

the internal heat generation for material number j

the applied heat flux at the lower index boundary

the applied heat flux at the upper index boundary

coordinate value at node i

non—linear iteration relawation factor
upper coordinate value of region j
geometric grading factor for region j
the density of material number j

lower coordinate value of region j
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sigma
t (i)

tbtl

tbhm

teditl

th{i)

theta

time

tinfil

tinfm

tl (1)

tmax
toldii)
trndid

tzerotl

tzerom

vhar (i)
vQbar (1)

volm{i)

volpii)

the Stefan-Boltzmann constant
current temperature at node i

the specified temperature for the lower index boundary
for the type 1 boundary condition

the speciftied temperature for the upper index boundary
for the type 1 boundary condition

the time frequency for complete edits

the temperature at the upper nodal point of
temperature specification region )

specifies the solution type (=0, explicit; =1,
implicit)

the current problem time

the temperature of the reference radiation surface
associated with the lower index boundary

the temperature of the reference radiation surface
associated with the upper index boundary

the temperature at the lower nodal point of
temperature specification region j

the maximum problem time
temporary intermediate value of temperature at nod i
old time level temperature at node 1

the bulk fluid temperature for convection at the lower
index boundary

the bulk fluid temperature for convection at the upper
index boundatry

volume of the control volume at nede i
volumetric heat generation at node i

volume of the lower index half of the control volume
at node 1

volume of the upper index half of the control volume
at node 1
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Variable

aii)

ainii)

aname

aout (1)

A m

b{1)

c{i)

ccmult (k)

cmepsl (j)

cmepst (3)

crame im)

chkmult (k)

cmaltl (k)

cmul tm (k)

cp i)

APFPENDIX C

Definition of Major Variables in
the Heat Conduction Frogram ICARUSFKF

Jescription

nodal point 1

the area of the lower index
about nodal point i

the problem title

the area of the upper index
about nodal point 1

- the superdiagonal coefficient for the equation at

side of the control volume

side of the control volume

the reference radiation surface area associated with

the lower index boundary

the upper index boundary

- the reference radiation surface area associated with

the diagonal ceoefficient for the equation at nodal

point i

the subdiagonal coefficient
point i

the multiplier of the curve
heat of material k

the multiplier of the curwve
of the lower index boundary

the multiplier of the curve
of the upper index boundarvy

name of curve number m
the multiplier of the curve

heat of material k

at the lower index boundary

for the equation at nodal
specified for the specific
specifying the emissivity

of gap numher j

specifving the emissivity
of gap numher j

specified for the specific

- the curve multiplier for boundary condition property k

the curve multiplier for boundary condition property &

att the lower index boundary

the calculated specific heat at nodal point i



cpl (i)

cprij)

cogmult (k)

cqtmutlt k)

dii)

dr {17

dt
dte

dtfac

14
o
"

tormi
forml
£ ormm
formr

gepsl (j)

gepsr L))

gformi {j)

gforme (j)

ghconl (3)

the calculated specific heat at the lower index edge
of region j

the calculated specific heat at the upper index edge
of region Jj

- the multiplier of the curve specitfied for the

temperature dependent heat generation of material &

the multiplier of the curve specified for the time
dependent heat generation of material &

the term containing the souwrce terms for the equation
at nodal point i

- difference between coordinate value of node i and node

i+1

the problem timestep

the calculated explicit timestep

timestep factor for implicit calculations

(-0, specifies the implicit timestep; <0, the timestep
uzed iz the multiplier times the explicit timestep)

- the convergence factor for non—linear iterations,

defined as the ratio of the maximum change in
temperature to the new temperature

- the radiation form factor for the lower index boundary

gtr-ay body form factor at the leftt boundary
the radiation form factor for the upper index boundary
gray body form factor at the right boundary

emissivity on the left side of the gap between region
i and region j+i

- emissivity on the right side of the gap between region

J and region j+i

gray body form factor far radiation transport from the
left to right =sides of the gap between region j and
region i+1

gray body form factor for radiation transport from the
right to left sides of the gap between region j and
region j+1

convection coefficient on the left side of the gap
between region j and region j+1
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ghconv ()

hi

hm

ieditld

1geom

ih{3)
is{j)

isteady

iter

ith(3)
itlij)

L tmax

1type (i)

11

lbm

matr (1)
matramj?
matrnumeé il
mup

nbc (k)

ncij)

ronvection coefficient on the right side of the gap
between region ) and region j+1

convection film coefficient at the left boundary
convection film coefficient at the right boundary

specifies the long edit type
ertensive)

(=0, compact: =1,

the geometry indicator (=1,
=3, spherical)

planar; =2,

cylindrical;

upper nodal point value for region j

lower nodal point vale for reqion j

a control flag to specity if the problem is transient
or steadv-state {=0, gsteady—-state; =1, transient:?

a control flag to specify if non-linear
to take place (=0, dou not iterate; =1,

interation is
iterate)

the upper index of temperature specification region j

the lower index of temperature specification reqion j

the maximum rumber of non-linar
time cvycle

iterations allowed per

model type for node i {=1. interior node not on
interface, =2, node on material interface, =3, node at
left edge of gap, =4, node at right edge of gap)

the boundary type for the lower index boundary
constant rtemperature; =2,

(=1,
general boundary condition)

the boundary type for the upper index boundary
constant temperature; =2,

{=1,
general boundary condition)

material number at node i

name of material number 3

- material number of region Jj

the value ot the index at the upper index boundary

the number of entries in piecewise linear curve k

- the curve number for the specific heat of material j

)
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ncepsl (j)

ncepsr (j)

ncure vyl (k)

nourym k)

ncycle
neditl
nedits
rIg A

k)

npoint

npteij)

netil

ngt (1)

nstore

rtemp

rnummat

riume eg

qrisi)
qrl
agrm
t (1)

rel s

the cuwrve number for the emissivity at the lower index
edge of the gap between regions j and j+l1

the curve number for the emissivity at the upper inde:x
gedge of the gap between regions j and j+1

- the curve number for boundary property k at the lower

index boundary

the curve number for boundary property k at the upper
index boundary

the cycle counter
cycle frequency for long edits
cyvcle frequency for short edits

the number of material gaps present in the problem

- the curve number for the thermal conductivity of

material number j

the number of points to be declared for time history
tracking

the points for time history storage

the curve number for the temperature dependent heat
generation for material number j

the curve number for the time dependent heat
generation for material number j

- the cycle freguency for writing time history

informtion to the time history plot dump file

the number of temperature specification regions in the
problem

- the number of different materials in the problem

- the number of geometric/material regions in the

problem

the total internal heat generation at nodal point i

- applied heat flux at the left boundary

applied heat flux at the right boundary

- coordinate value at node i

- nman-linear iteration relaxxation factor



rh(3) - upper coordinate value of region ij

rhy () - geaometric grading factor for region j

roci) - the density of material number

rel{d) ~ lower coordinate value of region ]

s1gma - the 5tefan—-Boltzmann constant

t 1) - current temperature at node 1

tocurvi({l,m) ~ the time/temperature entries for curve number m
teditl - the time frequency for complete edits

th{j) - the temperature at the uwpper nodal point of

temperautre specification region j

theta — specifies the solution type (=0, explicit; =1,
implicit)

time — the current problem time

tinfl - reference radiation temperature at the left boundary
tinmfm - reference radiation temperature at the right btoundary
t1{3) - the temperature at the lower nodal point of

temperature specification region j
tma - the mazimum problem time

tol - reference convection fluid bulk temperature for the
left boundary

tolddi) - temporary intermediate value of temperature at nod i

tom - reference convection f+luid bulk temperature for the
right boundary

trodi) - old time level temperature at node i
vourv L], m) - the curve values for curve number m
wvalm{d) - volume of the lower index halt of the control volume

at naode i

volp (i) ~ valume of the upper index half of the control volume
at node 1



arream

cemul t (k)

cmepsl vj)

cmepst-{3)

ckmult (k)

cmultl (k)

cmultm (k)

cqmult (k)

catmult (k)

curvnam$ (m)

dt

dtfac

eps

torml

+ormm

AFFENDIX D

Definition of Major Variables in the
Fre-Processor Frogram PREICAR

Description

the reference radiation surface area associated with
the lower index boundary

the reference radiation surface area assocliated with
the upper i1ndex boundary

the multiplier of the curve specified for the specific
heat of material Ek

the multiplier of the curve specifying the emigssivity
of the lower index boundary of gap number j

the multiplier of the curve specifying the emissivity
of the upper index boundary of gap number j

- the multiplier of the curve specified for the specific

heat of material k

the curve multiplier for boundary condition property k
at the lower index boundary

- the curve multiplier for boundary condition property k

at the lower index boundary

the multiplier of the curve specified for the
temperature dependent heat generation of material k

the multiplier of the curve specified for the time
dependent heat generation of material k

- name of curve number m

the problem timestep

timestep multiplication factor for implicit
calculations (>0, specifies the implicit timestep;
<y the multiplier times the explicit timestep)

- the convergence factor for non-linear iterations,

defined as the ratio of the maximum change in
temperature to the new temperature

the radiation form factor for the lower index boundary

- the radiation form factor for the upper index boundary
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ghconl (1)

ghconr ¢3)

1editl

i geom

ik ia)
is(3)
isteady

iter

ith{i)
1+l ()

itma

1bi

1 bm

matnams (1)
matmum (i)
nbo (k)
re(3)

ncepsl (1)

ncepsr (j)

necurvli (k)

convection coefficient on the left side of the gap
between region j and region j+1

convection coefficient on the right side of the gap
between region j and region j+1

specifies the long edit type (=0, compacty =1,
extensive)

the geometry indicator (=1, planar:; =2, cylindrical;

=3. spherical}
upper nodal point value for region j
lower nodal point vale for region j

a control flag to specify if the problem is transient
or steady-state (=0, steady-state; =1, transient)

a contral flag to specify if non-linear interation is
to take place (=0, do not iterate; =1, i1terate)

the upper index of temperature specification region j
the lower index of temperature specification region )

the maximum number of non—-linar iterations allowed per
time cvcle

the bhoundary type for the lower index boundary (=1,
constant temperature; =2, general boundary condition)

the boundary type for the upper index boundary (=1,
constant temperature; =2, general boundary condition)

- name of material number k

material number of region )

- the number of entries in piecewise linear curve k

the curve number for the specific heat of material j;

the curve number for the emissivity at the lower index
edge of the gap between regions j and j+1

the curve number for the emissivity at the upper index
edge of the gap between regions 3 and j+1

the curve number for boundary property k at the lower
index boundary
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nourvm k)

nevitl
nedits
ngap

Mk ()

npolnt

npts (i)

nqia)

rngt (j)

nstore

ntemp

nummat

LM &0

relax

rh (i)

Fly (1)
(= R o I
reiid
=1gma
tourv (il ,m)
teditl]

thii)

the curve number for boundary property k at the upper
index boundary

cycle frequency for long edits

cycle frequency for short edits

- the mnumber of material gaps present in the problem

- the curve number for the thermal conductivity of

material number j

- the number of points to be declared for time history

tracking
the points for time history storage

the cuwrve number for the temperature dependent heat
generation for material number

the curve number for the time dependent heat
generation for material number j

the cycle fregquency for writing time history
informtion to the time history plot dump file

the number of temperature specification regions in the
prablem

the number of different materials in the problem

the number of geometric/material regions in the
problem

non-linear iteration relaxation factor
uwpper coordinate value of region j

geametric grading factor forvregian i

- the density of material number J

lower coordinate value of region i

the Stefan—Boltzmann constant

the Ltime/temperature entries for curve number m
the time frequency for complete edits

the temperature at the upper nodal point of
temperautre specification region j



theta - specifies the solutiom tvype (=0, explicit; =1,
implicit)

tl (i) - the temperature at the lower nodal point of
temperature specification region j

tmax -~ the maximum problem time

vourv (1, m) - the curve values for curve number m
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Yariable
aname$
CHmax
Cymast
gHmin
griman
Qymin
Qymas

igeom

ih{33
is(3)
isnapd

iesteady

itimes
maxtim
mintim
muys
nend

npoint

npts ik}

nacyc (k)

APPENDIX E

Definition of Major Variables in the Flot
Fost-processing Programs PLOTIC and CFRLOTIC

e DEBCFiption S
problem title

the horizontal raster count

the vertical raster count

the minimum horizontal screen limit for the plot grid

the maximum horizontal screen limit for the plot grid

= the minimum vertical screen limit for the plot grid

!

the maximum vertical screen limit for the plot grid

geometry indicator (=1, planary =2, cylindrical;

=3, spherical)

upper nodal point value for region j

lower nodal point value for region j

file descriptor for the snapshot plot data file

specifies 1f the ICARUS problem was transient ar
steady—state (=0, transient:; =1, steady-state)

file descriptor for the time history plot data file
maximum plot time for the time history plot

minimum plot time for the time history plot

total number of nodal points in the problem

maximum node number for the spatial plot or grid plot

number of nodal points for which time history data was
stored during the heat conduction solution

the nodal points having data stored for time history
plotting

the calculation cycle of snapshot plot dump number k
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rnsdump

nstart
UM
Mumry

numpnt

num-eg
numtoe
numty
P Cratt
[FOWy
i)
ok}
rhy (k)
rs k)

rval (k)

stime (k)
twvi{i)

tempv {k)

time (k)

tma

tmimn

the number of snapshot plot dump states in the data
file

- minimum node number for the spatial plot or grid plot

- number of coordinate numbers on abscissa

number of coordinate numbers on ordinate

number of entries in the time history data for each
point

number of material /geometry regions in the problem

number of tick marks on abscissa

- number of tick marks on ordinate

the scale power factor for the abscissa

the scale power factor for the ordinate

- the coordinate value at nodal point E

lower coordinate value of region k
geometric grading factor for region k
upper coordinate value of region k

the coordinate value of the nodal points having data
stored for time history plotting

- the calculation time of snapshot plot dump number &

the temperature or heat flux at nodal point 1

the temperature or heat flux at entry number Lk in the
time history data block

- the time at entry point k in the time history data

block
the maximum temperature in the data for the plot

the minimum temperature in the data for the plot
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